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Abstract 
 
A bushing for high temperature superconducting devices (HTS bushing) is important because of applying high voltage to the cable 
or the winding of the transformer. It is cooled with liquid nitrogen (LN2) and is insulated with various insulators. For the 
development of the HTS bushing, it is necessary to know the fundamental characteristics of various insulators at cryogenic 
temperature. 
The electrical characteristics of the breakdown were studied under AC and impulse voltages. Also, the mechanical characteristics 
such as tensile strength in air and LN2 were studied. It was confirmed that GFRP is excellent not only electrical characteristics but 
also mechanical characteristics in LN2. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
 
The HTS bushing consists of a conductor, an insulator body, a housing with shed, and accessories such as shields 
and a cryostat. Especially, a lower part of an insulator body of the bushing is impregnated with cryogenic gas nitrogen 
(GN2) and LN2. Therefore, there are varieties of thermal and electrical problems to be solved for such purpose. 
Therefore, it is necessary to know a high voltage insulation and materials at cryogenic temperature. The high voltage 
insulation technology in electrical problems must be solved for the long life, reliability and compact of system.  
As electrical problems, we must reveal the characteristics of puncture breakdown and surface flashover on solid 
material in LN2. So far, many papers have been published on the oil, gas and resin insulated bushing [1]-[3]. However, 
the basic study of the HTS bushing has not been revealed satisfactorily until now, which make the bushing design of 
HTS power equipments very difficult. On the other hands, the HTS bushing provides a means of mechanically 
supporting the conductor. Therefore, it is important to investigate the mechanical characteristics of polymer insulators 
at cryogenic temperature. Several papers have been published on the characteristic of polymer insulators under 
mechanical stress at cryogenic temperature [4]-[5]. However, the measurement of mechanical characteristic at 
cryogenic temperature is quite few. 
In this paper, we will discuss mainly on the electrical and mechanical characteristics of body insulators. The 
puncture breakdown characteristics in LN2 are studied. Also, the mechanical characteristics of polymer insulators at 
LN2(77K) and room temperature (300K) were performed by the universal material testing machine, which is designed 
to evaluate the mechanical properties of materials. The characteristics of tensile load, tensile strength, yield stress, and 
elastic modulus are studied.   
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2. Experiment
Fig. 1. shows the experimental set up for breakdown, surface discharge and tensile test. The electrodes for the 
breakdown voltage tests, which were made from stainless steel (SUS), consisted of two circular plates of 25 mm and 
lower 75 mm, respectively. It is almost the same as that of our previous studies about DC insulation [6]. The samples
used as body insulators were glass-fiber reinforced plastic (GFRP), silicone (Si) rubber, ethylene propylene diene 
monomer/silicone alloy compound (EPDM/Si), aromatic polyamide (Nomex) and Polytetrafluoroethylene (PTFE,
Teflon), which were 0.5, 1 and 1.5 mm in thickness. The sample was fixed on a sample holder. The breakdown 
voltage was measured in the atmospheric pressure LN2. The samples were dried by using the drier to completely
remove the moisture, and cleaned carefully with ethyl alcohol. After introducing the commercial-grade LN2, voltage 
was applied between the electrodes of the sample holder. Breakdown voltages of 15 samples were measured. The AC
power supply used was a 100 kV maximum voltage. The lightning impulse power supply used was a 1.2/50 s 
standard waveform and with a 400 kV maximum voltage.
The tension test of insulators was performed by the universal material testing machine at 300 K and 77 K. The 
samples were carefully cut into 10 mm x 110 mm dimension for their width and length. And a 60 mm gage length and
a 25 mm grip for both ends were used. In the case of GFRP, the samples were designated as two different directions
which are the longitudinal (parallel to glass-fiber direction) and lateral direction (cross to glass-fiber direction).
Averaged sample thickness was measured by using a flat-tipped digital micrometer. The samples were mounted on the
loading frame and were first fixed at the upper grip and then at the lower grip. The double extensometer was clipped at 
the center of the sample. Signal outputs of the load, displacement and extensometers were obtained to calculate the
stress-strain curve of the samples.
                         
(a) for breakdown and surface discharge test                    (b) for tensile test
Fig. 1. Experimental set up.
3. Results and discussion
Fig. 2 shows the AC surface flashover characteristics of the materials for an insulator body. As the previous
reported [7], the AC surface flashover voltages are similar in all the materials because it is in the range of error.
Fig. 2. AC surface discharge characteristics of the materials for insulator body.
Fig. 3 shows AC and impulse breakdown characteristics of the materials for an insulator body. As is evident from 
this figure, the AC breakdown voltages of EPDM/Si, Teflon and Nomex seem to be the same as that of GFRP.
However, the AC breakdown voltage of Si rubber was lower than that of GFRP. On the other hand, the positive
impulse breakdown strength was higher in the order GFRP, Nomex, Teflon, Si rubber, EPDM/Si. However, the
impulse breakdown strength of GFRP, Nomex and Teflon seems to be almost the same because it is within the range
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of error. Especially, the impulse breakdown strength of Si rubber, EPDM/Si is low remarkably. It should be noted that
the surface of EPDM/Si and Si rubber was observed the cracks or broken parts after the breakdown.
(a) AC (b) Impulse(+)
Fig. 3. Breakdown characteristics of various insulating.
Fig. 4 shows the mechanical characteristics of Si rubber at 77 K and 300 K. Si rubber was measured just until
20 % elongation at 300 K due to its high strain value. The mechanical characteristics of Si rubber were significantly
enhanced at 77 K, but the percent strain(elongation) decreased significantly as compared with the strain at 300 K. At 
77 K, the Si rubber had a brittle fracture property without showing any plastic deformation due to the hardening effect
at cryogenic temperature. Also, the mechanical characteristics of EPDM/Si rubber seems to be similar to those of Si 
rubber. At 77 K, it showed brittle fracture at 77 K as having a significantly increase of fracture strength.
Fig. 4. Mechanical characteristics of Si rubber at 77 K and 300 K.
Fig. 5 shows the mechanical characteristics of various materials at 77 K. As evident from these figures, GFRP had
the highest value of tensile load, tensile strength, yield stress, and elastic modulus as compared with the others.
However, GFRP sheet showed some difference concerning the lateral and longitudinal direction. They did not show
such significant anisotropic properties depending on sample direction. The mechanical characteristics along the
longitudinal direction were a little bit stronger than that of the lateral direction.
(a) Load-displacement                                         (b) Tensile-strain
Fig. 5. Mechanical characteristics of  various materials at 77 K.
Table 1 shows the summary of the mechanical characteristics of various materials at 77 K. According to Table 1,
the tensile strength of GFRP (252.3 MPa) is remarkably higher than that of other materials (25.5-63 MPa). Also, Tg of 
Si rubber (-127 ) and EPDM/Si (-32 ) is remarkably lower than that of Teflon (300 ) and others. In the case of 
impulse voltage, the cracks and broken parts of Si rubber and EPDM/Si are severe, because the mechanical 
characteristics are low and the Tg is very low.
Fig. 6 shows the photographs of the material of Nomex, EPDM/Si, Si rubber after discharge. According to these
photograph, the surfaces of were not severely degraded by the surface discharge. However, in the case of Nomex, the
surface becomes degraded severely due to breaking the its molecular chain. Also, the surfaces of EPDM/Si and Si 
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rubber were severely damaged with the cracks, broken parts after the breakdown or surface flashover. It becomes more 
severe with the increase of applied voltage. Especially, in the case of impulse, the degradation of surface becomes 
more severe. These experimental results can be interpreted in terms of the mechanical characteristics and the glass 
transition temperature (Tg) of materials [8]. It is clear from these result that at cryogenic temperature EPDM/Si, Si 
rubber cannot be used the body insulator for HTS bushing. The use of GFRP and Teflon as the insulating material for 
the HTS bushing is much desirable. Especially, GFRP is the excellent material not only the electrical breakdown 
characteristic but also mechanical characteristic at cryogenic temperature. 
 
Table 1. Tg value and mechanical characteristics of various insulating materials.  
 
 
                                                      
(a) Nomex        (b) EPDM/Si        (c) Si rubber 
Fig. 6.  Photographs of surface after discharge. 
 
4. Conclusions 
 
We have studied mainly on the electrical and mechanical characteristics of the materials for body of the HTS 
bushing. The results are summarized as follows: 
(1) AC breakdown voltages of EPDM/Si, Teflon and Nomex were similar to that of GFRP. However, the impulse 
breakdown strengths of Si rubber and EPDM/Si were low remarkably. 
 (2)  The Si rubber and EPDM/Si rubber had a brittle fracture properties without showing any plastic deformation 
due to the hardening effect at cryogenic temperature. At 77 K, the mechanical characteristics such as the elastic 
modulus, yield and fracture strength increased as compared with those at 300 K.  
(4) GFRP has the highest value of tensile load, tensile strength, yield stress, and elastic modulus as compared with 
others. Also, the mechanical characteristics of GFRP along the longitudinal direction was a little bit stronger 
than that of the lateral direction. 
(5) The surfaces of EPDM/Si and Si rubber were observed the cracks or broken parts after discharge. These 
experimental results can be interpreted in terms of the mechanical characteristics and the glass transition 
temperature (Tg) of materials. The use of GFRP as the body insulator for the HTS bushing was much desirable.  
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GFRP 252.3 3,800 3.9 658 6.5 156.4 130 
Teflon 63 153 1.1 71 1.87 56.1 300 
Si rubber - 275 0.4 34 0.65 55.5 -127 
EPDM/Si - 383 0.16 27.5 0.52 55.4 -32 
Nomex 25.5 692 2.2 44 3.74 23.8 280 
